The effects of treadmill exercise on regional myocardial blood flow and function were examined in 10 adult, conscious dogs with left ventricular hypertrophy (LVH) induced by aortic banding in puppies, which resulted in a left ventricular (LV) weight/body weight ratio of 8.5+±0.3. Data were compared with results from eight control dogs with an LV weight/body weight ratio of 4.9±0.2. At rest, LV systolic and end-diastolic pressures were significantly greater (p<0.01), and mean arterial pressure was significantly less (p<0.05) in LVH dogs. Mean myocardial blood flow (control dogs, 0.98+±0.11 ml/min/g; LVH dogs, 1.16±0.06 ml/min/g) and the transmural blood flow distribution at baseline, as assessed by endocardial/epicardial blood flow ratio (control, 1.35+±0.12; LVH, 1.21+0.09), were similar in the two groups. During exercise to a target heart rate (240 beats/min), LVH dogs demonstrated greater (p<0.01) increases in LV systolic and end-diastolic pressures. In control dogs, as expected, exercise augmented velocity of circumferential fiber shortening (16±9%Yo) and shortening fraction (15+±5%), but in LVH dogs, exercise reduced the velocity of circumferential fiber shortening (-14±6%) and shortening fraction (-17±5%). Exercise also increased full wall thickening (35+±5%), subendocardial wall thickening (66±10%), and subepicardial wall thickening (44±9%) in control dogs. In LVH dogs, exercise increased subepicardial wall thickening (31±9%o) and reduced subendocardial wall thickening (-40±7%); full wall thickening did not change (-11+9%O altered transmural blood flow distribution and whether these changes in regional perfusion were associated with impaired transmural or regional subendocardial or subepicardial function. It was considered important to examine the recovery from exercise as well, since brief periods of myocardial ischemia can lead to prolonged periods of myocardial dysfunction.1112
wall.1-3 However, limitations in selective subendocardial coronary reserve become manifest in response to the coronary vasodilator adenosinel2'4 during the hyperemic phase after acute coronary artery occlusion3 and during physiological stresses such as pacing1,2,5'6 or exercise.7-9 Recent data suggest that subendocardial hypoperfusion during severe pressureoverload LVH may predispose the heart to episodes of intermittent myocardial ischemia leading to diffuse subendocardial necrosis and may thereby contribute to the progression of LV failure.4 Despite considerable evidence pointing to a selective impairment of subendocardial flow reserve in the hypertrophied heart in response to stress,'-10 major limitations in global or regional systolic function have not been observed. For example, exercise in experimental models of pressure-overload LVH has been shown to induce subendocardial hypoperfusion,7'9 but there are no data to suggest that these exercise-induced abnormalities in coronary perfusion are associated with regional wall motion dysfunction, that is, decrements in subendocardial wall thickening, compatible with the development of myocardial ischemia.
Therefore, the purpose of the present study was to determine the extent to which exercise in chronically instrumented dogs with pressure-overload LVH altered transmural blood flow distribution and whether these changes in regional perfusion were associated with impaired transmural or regional subendocardial or subepicardial function. It was considered important to examine the recovery from exercise as well, since brief periods of myocardial ischemia can lead to prolonged periods of myocardial dysfunction.1112
Materials and Methods

Development of Model
Mongrel puppies of either sex at 8-10 weeks of age were anesthetized with 12.5 mg/kg sodium thiamylal maintained with halothane anesthesia (1-2 vol %), and ventilated with a respirator (Harvard Apparatus, South Natick, Massachusetts). A right thoracotomy was performed through the fourth intercostal space by use of sterile surgical technique. The ascending aorta above the coronary arteries was isolated and dissected free of surrounding tissue. A 1-cm-wide Teflon cuff was placed around the aorta and tightened until a thrill could be palpated over the aortic arch; then the chest was closed. The Teflon band created a fixed supravalvular aortic lesion, which became relatively more stenotic as the puppies grew. The puppies were followed for 10-15 months, at which time they were trained to run on the treadmill.
Implantation of Instrumentation
Ten adult aortic-banded (LVH) dogs, two additional nonbanded but sham-operated littermates, and six mongrel dogs were instrumented. Figure 1 shows a schematic illustration of the instrumentation. After induction with sodium thiamylal (12.5 mg/kg) and maintenance with halothane anesthesia (1-2 vol %), an incision was made in the fifth left intercostal space by use of sterile surgical technique. Tygon catheters (Norton Elastics and Synthetic Division, Akron, Ohio) were implanted in the descending thoracic aorta and left atrium of all the dogs and in the LV apex of the banded dogs. In seven aorticbanded dogs and eight control dogs, piezoelectric ultrasonic dimension crystals were implanted on opposing anterior and posterior endocardial surfaces of the left ventricle to measure LV internal diameter. Posterior endocardial crystals could not be placed in three LVH dogs, due to hemodynamic collapse, which occurred when the heart was lifted to gain access to the posterior wall. Full wall thickness was measured in 10 aortic-banded dogs and eight control dogs by implanting piezoelectric ultrasonic dimension crystals on opposing endocardial and epicardial surfaces in the same equatorial plane as the internal diameter crystals. Endocardial crystals were placed through a stab wound in the epicardium and advanced obliquely to, but not through, the endocar-dium. In addition, a piezoelectric ultrasonic dimension crystal was advanced obliquely to the midwall of the myocardium between the endocardial and epicardial crystals for assessment of LV regional wall motion. Two adjacent sets of full and regional wall thickness crystals were placed in each animal. Placement of these crystals was aided by intraoperative measurements of wall thickness. A solid-state miniature pressure transducer (model P22, Konigsberg Instruments, Pasadena, California) was implanted in the apex to measure LV pressure in seven aorticbanded dogs and eight control dogs. Again, hemodynamic instability prevented the placement of the miniature pressure transducers in three dogs with severe LVH. The thoracotomy incision was closed in layers, and the animals were allowed to recover for 2 weeks before the study. The animals used in this study were Table 1 . Chronic pressure overload induced by aortic banding caused a 73% increase (p<0.01) in the LV weight/body weight ratio in LVH dogs compared with controls. There were no major differences in either the body weights or the right ventricular weight/body weight ratio between the two groups.
Baseline Hemodynamics and Regional Function
Representative illustrations of waveforms from one control ( Figure 2 ) and one LVH dog ( Figure 3 ) are depicted during baseline, peak exercise, and 30-minute recovery. Baseline hemodynamics and indexes of LV systolic function with the dogs standing are shown in (Figure 4) . In control dogs, LV end-diastolic pressure was unchanged from baseline, even at advanced stages of exercise. In contrast, LV enddiastolic pressure rose promptly at low levels of exercise and increased markedly to 50±4 mm Hg (p<0.01) at higher exercise levels in dogs with LVH ( Figure 4 ). The response of mean arterial pressure was also different between the two groups. Mean arterial pressure increased insignificantly in the control group, but it decreased markedly in the LVH dogs at higher levels of exercise (-13+6 mm Hg, p<0.05 compared with control). Peak LV dP/dt increased similarly in both groups. Both the corrected Vcfc and SF, which increased in control dogs during exercise, fell in the dogs with LVH at higher levels of exercise. These responses were opposite in direction and significantly different (p<0.05) between control dogs and LVHI dogs. The response of LV dD/dt to exercise was also depressed (p<0.05) in the LVH dogs compared with control dogs ( Figure  5 ). Thus (Table 3) . Although there were no changes in the full wall thickness at end diastole during exercise in either group, end-systolic full wall thickness failed to increase during exercise in the LVHI dogs compared with control dogs (p<0.05, Table 3 ). Accordingly, full wall thickening, which increased significantly in the control group (+35±+5%), did not change in the LVH group (-11±9%) ( Figure 6 ). This difference was attributable to marked abnormalities in subendocardial regional wall function during exercise in the LVH group. Actually, subepicardial thickening rose in control dogs and in dogs with LVH. However, an increase in subendocardial wall thickening of 66±10% was observed in control dogs during exercise, but a decrease in subendocardial wall thickening of -40±7% was observed in LVH dogs ( Figure 6 ).
On recovery from exercise, all measurements of regional wall motion rapidly returned to baseline in control dogs. Subepicardial wall thickening also returned to baseline during the recovery period in dogs with LVH. However, depressed (p<0.05) subendocardial wall thickening persisted into the late recovery period, at a time when measurements Figure 8 ). Similarly, calculated subendocardial and subepicardial coronary vascular resistances fell significantly during exercise in the control dogs (Table 5 ). However, in LVH dogs, although subepicardial coronary vascular resistance fell to a similar significant extent during exercise, subendocardial coronary vascular resistance fell, but not significantly (baseline, 117+9 mmHg/ml/min/g; peak exercise, 87+13 mm Hg/ml/min/g). Thus, in dogs with LVH, peak exercise was associated with marked limitations in subendocardial vasodilator capacity. The endo/epi blood flow ratio improved toward baseline at 8 minutes into recovery in the LVH dogs and was fully recovered by 30-60 minutes into recovery ( Figure 8 ). Thus, depressed subendocardial blood flow characterized the peak exercise response in dogs with LVH but did not persist into the recovery phase.
The depressed subendocardial flow response was observed not only in the LV free wall but also in the LV septum and in both papillary muscles (Table 6 ). In contrast, abnormalities in subendocardial perfusion were not observed in the right ventricle.
Discussion
In the present investigation, exercise induced significant abnormalities in regional myocardial mechanical function in association with subendocardial hypoperfusion in dogs with severe LVH. The impairment in myocardial blood flow and regional wall motion was selective to the subendocardium. Subepicardial blood flow increased and subepicardial coronary vascular resistance decreased in LVH dogs to a similar degree as observed in control dogs during exercise, and consequently, there was no difference in the subepicardial regional wall function during exercise between the two groups. Finally, the subendocardial wall motion abnormalities persisted into recovery, even after subendocardial coronary perfu- 
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Values are mean±SEM. LV, left ventricular; LVH group 1, LV hypertrophy (aortic-banded) dogs with lower LV end-diastolic pressure and LV systolic stress; LVH group 2, LV hypertrophy (aortic-banded) dogs with higher LV end-diastolic pressure and LV systolic stress; Vcfc, velocity of circumferential fiber shortening corrected for heart rate. logical evidence of subendocardial fibrosis and electrocardiographic changes, LV regional mechanical function was not assessed.
There are no previous reports of exercise-induced regional myocardial dysfunction in dogs with pressure-overload LVH. In the present study, exercise-induced subendocardial hypoperfusion in LVH dogs was significantly more profound than reported by others,7 as evidenced by significant reductions in the endo/epi blood flow ratio below unity (0.72+0.05,p< 0.01) at peak exercise in the LV free wall. In fact, subendocardial hypoperfusion during exercise was more marked in all areas of the LV myocardium (septum, papillary muscles) compared with values reported by others.7 Since similar peak heart rates were achieved, these differences are not likely due to more intensive exercise. In addition, the endo/epi blood flow ratios in the control dogs during exercise were comparable with those reported by others.2,7'9 However, the more severe subendocardial hypoperfusion observed in the present study during exercise likely reflects the longer average duration of pressure overload in the current LVH dogs (13+±3 months) and the resultant higher LV systolic and LV end-diastolic pressures both at rest and during exercise.
The higher resting LV end-diastolic pressure in our dogs with LVH (16.4±+1.8 mm Hg) raises the issue as to whether these dogs were in a compensated state. First, it must be noted that on assuming the upright position LV end-diastolic pressure rose in dogs with LVH, whereas this measurement fell in normal dogs. Second, there was no difference in the changes of full wall and subendocardial function in response to exercise in the subgroup of dogs with LV end-diastolic pressure less than 16 mm Hg and LV systolic stress less than 250 g/cm2 and the subgroup of dogs in which the LV end-diastolic pressure and LV systolic stress were greater ( Table 4 ). The responses of LV pressure and ejection phase indexes to exercise were also similar. In addition, the exercise tolerance of these two subgroups was not significantly different. The differences in baseline ejection phase indexes between control and LVH dogs were likely secondary to the increased systolic wall stress in dogs with LVH. Figure 9 illustrates that when the baseline Vcfc and SF were expressed as a function of circumferential wall stress, both control and LVH dogs fell on the Figure 6 ) likely reflects the preferential subendocardial dysfunction, because subepicardial wall thickening actually rose during exercise. Previous studies22,23 have demonstrated that subendocardial thickening provides the major mechanical contribution to full wall function. In the presence of myocardial ischemia, full wall thickening becomes depressed markedly at a time when subepicardial perfusion is reasonably well maintained.24,25 This occurrence suggests possible tethering of the subepicardial function to subendocardial function. However, in the current study, the full wall motion reflected the sum of the subepicardial and subendocardial components, without evidence of tethering. Since decreases in subendocardial wall motion during exercise were offset by increases in subepicardial wall motion in dogs with LVH, the net effect on full wall motion was not to change significantly during exercise. During recovery from exercise, the response of full wall thickening also reflected the sum of the subepicardial and subendocardial wall thickening in LVH dogs; that is, subepicardial wall thickening returned to baseline, while decreases in full wall thickening paralleled the decreases in subendocardial wall thickening.
A unique technical advantage in the present study was the ability to directly measure subendocardial, subepicardial, and full wall function in seven of nine of the dogs with LVH. The accuracy of these determinations is reflected not only by the quality of the phasic data but also in the close correlation between measured full wall thickness and that derived from the sum of subendocardial and subepicardial measurements. In the control dogs, the correlation between measured and calculated values is less precise due to limitations in placing the midwall crystal precisely in the normal nonhypertrophied LV free wall, as noted in "Materials and Methods." One potential source of error would be excessive subendocardial fibrosis induced by the LV hypertrophic process or by implantation of the instruments. However, at autopsy local fibrosis was not different at the transducer sites in the control dogs and in dogs with LVH, and more quantitative examination of connective tissue in dogs with similar amounts of compensated LVH demonstrated only modest subendocardial fibrosis. 4 It is conceivable that a vicious cycle is initiated by repeated bouts of stress with subendocardial ischemia and further development of subendocardial fibrosis, which may be important in the development of LV decompensation in this model. 4 Of considerable interest is the finding that in dogs with LVH these marked abnormalities in regional myocardial function persisted at least 30 minutes into recovery at a time when subendocardial perfusion had normalized; this occurrence suggests evidence of myocardial stunning. Prolonged recovery of regional function has been observed after transient bouts of myocardial ischemia,11"12 which has been termed myocardial stunning. 26 Specifically, the subendocardial wall thickening remained depressed below resting baseline values and was significantly different from the normal postexercise response observed in the control dogs (Table 3) . LV systolic pressure, LV end-diastolic pressure, and LV dP/dt rapidly returned to baseline levels in the postexercise period in both groups, whereas a modest tachycardia persisted in the LVH dogs. Thus, with both the determinants of myocardial oxygen demand and the regional blood flow returning to normal in the postexercise period, the persistent subendocardial mechanical abnormalities are most likely due to stunning. [25] [26] [27] In addition to the depressed regional wall function during exercise in LVH, there was an apparent depression in overall LV systolic performance. Base 
